The CT scan data were acquired using a 64-slice scanner (Somatom 64). The scan was obtained from a level approximately 2 cm superior to the posterior margin of the foramen magnum up to the T-1 vertebra, after injection of 60 ml of iodinated contrast and a 20-ml saline chaser at 4.5 ml/second. The scan was triggered 12 seconds after Complex craniovertebral junctional anomalies can be daunting to treat surgically, and preoperative information regarding the osseous abnormalities, course of the vertebral arteries, size of the pedicles, and location of the transverse foramina is invaluable to surgeons operating on these challenging cases. The authors present their experience with the emerging technology of 3D model acquisition for surgery in 11 cases of complex craniovertebral junction region anomalies. For each case, a 3D printed model was made from thin CT scans using a 64-slice CT scanner. The inclination of the joints, the presence of false articulations, the size of the pedicles, and the course of the vertebral arteries were studied preoperatively on the 3D models. The sizes of the plates and screws to be used and the angle of insertion of the screws were calculated based on the data from the models. The model was scaled to actual size and was kept beside the operating surgeon in its anatomical position during surgery. The potential uses of the models and their advantages over conventional radiological investigations are discussed. The authors conclude that 3D models can be an invaluable aid during surgery for complex craniovertebral junction anomalies. The information available from a real life-size model supersedes the information available from 3D CT reconstructions and can also be superior to virtual simulation. The models are both cost effective and easy to build and the authors suggest that they may form the basis of investigations in the near future for craniovertebral junction surgery. 
S urgery for craniovertebral junctional anomalies can be a technical challenge. Exposure of the atlantoaxial joint can be relatively complex, particularly in patients with basilar invagination and neck deformities. Exact preoperative understanding of the location of the vertebral artery and its course in relationship with the facet of axis and in the region of the arch of atlas as well as evaluation of the dimensions of the bones and their orientation for identifying the best trajectory of screw implantation can be crucial for the success of surgery. 3D models provide a clear anatomical evaluation of the operative area in question. The model can be used to practice the operation prior to the actual surgery and prepare the sizes of implants that may be necessary. The simulated models can also be used as teaching tools and as aids for patient education and counseling.
Methods
Over a 4-month period (May-August 2015), 3D models were printed from thin-slice CT scans obtained in 11 patients with "complex" craniovertebral anomalies. All of the patients selected had varying degrees of short neck and torticollis. They had relatively complex craniovertebral bone and soft tissue organization.
Complex craniovertebral junctional anomalies can be daunting to treat surgically, and preoperative information regarding the osseous abnormalities, course of the vertebral arteries, size of the pedicles, and location of the transverse foramina is invaluable to surgeons operating on these challenging cases. The authors present their experience with the emerging technology of 3D model acquisition for surgery in 11 cases of complex craniovertebral junction region anomalies. For each case, a 3D printed model was made from thin CT scans using a 64-slice CT scanner. The inclination of the joints, the presence of false articulations, the size of the pedicles, and the course of the vertebral arteries were studied preoperatively on the 3D models. The sizes of the plates and screws to be used and the angle of insertion of the screws were calculated based on the data from the models. The model was scaled to actual size and was kept beside the operating surgeon in its anatomical position during surgery. The potential uses of the models and their advantages over conventional radiological investigations are discussed.
completion of the injection to obtain a vertebral and carotid angiogram study along with visualization of the bone structure. Axial 0.75-mm-thick images were obtained at 0.5-mm intervals.
3D File creation
The axial volume images were then transferred to a specialized workstation (Vizua), where the 3D volume was created. All structures not required were edited out, and the volume generated included the craniovertebral junction, foramen magnum, clivus, and part of the occipital and temporal bone, as well as the cervical vertebrae down to C-7 ( Fig. 1) . Using another radiology viewing program (Osirix 6.0), it was ensured that the model being edited was life size or true to size. The color filters were adjusted to maximize the contrast between the bones and the vertebral arteries. This 3D volume was then exported to a .zpr file.
3D Model creation
The .zpr file was then transferred to the workstation of a color jet 3D printer (Projet 660, 3D Systems), and the model was placed on the tray simulator. Its position was adjusted to minimize its Z-axis length, so as to optimize the 3D printing time. The average print time for the cervical spine model inclusive of the craniovertebral junction was between 2 and 3 hours. After an additional 2 hours of cooling, the part was removed and fixed.
analysis of experience
Eleven patients having complex craniovertebral junction instability underwent atlantoaxial facetal fixation with the techniques discussed in our articles on the subject. [6] [7] [8] [9] The ages of the patient ranged from 10 to 49 years. There were 8 males and 3 females in the series. All the patients had neck pain and spastic quadriparesis. Their preoperative and postoperative neurological deficits are summarized in Table 1 . The patients were assessed based on the 5-point clinical grading system recently described by us 5 to assess disability related to craniovertebral junction region myelopathy and by the Japanese Orthopaedic Association scoring system. 3 All patients had complex craniovertebral junctional anomalies and a number of bone and soft tissue abnormalities (summarized in Table 1 ). Ten of 11 patients in the series had basilar invagination. One patient had os odontoideum and atlantoaxial dislocation. There was a complete or partial occipitalization of the atlas in 7 patients and a bifid arch of the atlas in 1 patient. The joints were abnormally inclined in 10 patients. In 3 patients there were abnormal posterior fusions, between C-1 and C-2 in 2 patients and between the foramen magnum and C-2 in 1 patient. The true C-1 and C-2 joints were anterior to these abnormal fusions, which had to be drilled before the joints could be approached. In 4 patients the vertebral artery had an abnormal course and traversed posterior to the atlantoaxial articulation, obscuring its view during dissection. The artery was displaced superiorly and appropriately protected during screw implantation.
As per our surgical philosophy, all patients underwent direct atlantoaxial lateral mass fixation, and the occipital bone was not included in the fixation construct. Although intraoperative fluoroscopy and image-guided surgery can be additionally used during surgery, neither of these modalities were deployed in the presented patient subgroup. We envisage that further improvement in the technology can provide a real-time intraoperative 3D model reconstruction that will further increase the safety and strength of screw insertion. The atlantoaxial joint was widely opened, articular cartilage was denuded, bone graft was placed in the joint cavity, and direct lateral mass plate/rod and mono/ polyaxial screw fixation was performed. The C-2 ganglia were resected bilaterally in 6 patients to facilitate wide joint exposure and conduct of the surgical procedure. 4 In all cases the patients' condition improved after the surgical procedure and there was no significant intraoperative event such as vertebral artery injury or difficulty in placement of the implant.
The model provided a useful tool to evaluate the anatomy of the region in a 3D perspective and to prepare for the surgical procedure in all cases in our series. The model could be handled and moved in various surgical positions, and the entire surgical plan could be rehearsed ( Figs. 1 and 2 ). The ease of handling of the model made its evaluation possible even in locations other than a hospital or clinic. The size match between the model and the patient's anatomy made it possible to assess the region and to preoperatively decide on the sizes of the implants. The model helped in assessing the exact size, dominance, and course of the vertebral artery. This information assisted in evaluation of the best possible site for screw insertion, helping to avoid injury to the vertebral artery. The model assisted in identification of alternative sites or even alternative techniques for screw insertion if they were possible. The model assisted in identification of the exact location of the facets in a 3D perspective, preparation of the region that needed to be drilled, and assessment of the surgical strategy with respect to bone abnormalities, the status of facets, and facet alignment. The rotation of the region and the subsequent changes in the alignment could be evaluated directly. The model also helped in determining which atlantoaxial joint would be more easily accessible so that that side could be approached first. It gave an idea about abnormal areas of fusions and bone formation that would need to be addressed before approaching the atlantoaxial joints. Although the exact usefulness over the conventional modes of investigation is difficult to quantify, the model provides a clear feel of the altered anatomy, with a 3D perspective that provides much more information than a 2D perspective. On the whole, the models remarkably matched the intraoperative bone structures, providing a significant level of confidence during drilling and dissection of structures.
The models required approximately 5 hours to be made and the approximate cost of each model was $350 (US). It did appear that the model assisted in providing confidence to the surgeon during surgery and reduced surgical time. The exact sizes of the screws and plates/rods could be gauged preoperatively along with the angle of insertion. The sizes of the instrumentation matched remarkably with the sizes used during the actual surgery.
The possible limitations of the model include the fact that it did not provide real-time intraoperative information. The facet alignment after the institution of the cervical traction under anesthesia could not be deciphered. The joints were fixed and the model did not provide information regarding the nature of their instability, stretchability, and suppleness. The joints observed in the model appeared to be fused probably due to the smoothing algorithm used when creating the 3D print file. However, this flaw did not affect the anatomical information about the atlantoaxial joints. The model did not provide information about the venous anatomy and the extent of venous congestion in the region of lateral gutters. Although it would be possible to make postoperative 3D models, we did not make them due to the cost involved and the fact that it would not add significant therapeutic value.
Discussion
3D printing is receiving increasing enthusiasm in the world of investigative modalities.
1,2,10 Even though multidetector CT and MRI have substantially enhanced radiological diagnosis by providing 3D visualization, multiplanar reformation, and image navigation, they are limited by the use of flat screens for visualization of the 3D data. Graspable 3D objects made by 3D printing or rapid prototyping overcome this limitation and have significant potential in the diagnostic and therapeutic medical field.
11
3D printing is a manufacturing process in which an object is created by depositing layers of a material and merging them to create a 3D structure. Materials that can be used include plastic, ceramics, metal, powders, liquids, thermoplastic, titanium alloys, paper, photopolymers, and even living cells. The possibility of using multiple colors makes it possible to introduce life-like colors for various structures, such as red for arteries and blue for veins. Charles Hull invented 3D printing in the early 1980s and called it stereolithography. 12 Since then the technology has rapidly advanced and has moved into the medical field. The current medical applications of 3D printing include making customized prosthetics and implants, fabricating tissues and organs, and creating anatomical models to depict pathology. The models can be made life size for surgical simulation.
There are various methods of 3D printing, including selective laser melting, laser sintering, fused deposition modeling, stereolithography, laminated object manufacturing, and fused filament fabrication. The software needed for 3D printing is also widely available, and the cost of printing is not very high, making it a practical modality for investigation. 3D printers are very cost effective, have a good accuracy, and can make a variety of hard, soft, or flexible models. Moreover, different types of body tissues can be identified by using a predefined setting. The accuracy of the 3D printed model depends on the slice thickness of the CT scan, which should be as thin as possible.
We used a slice thickness of 0.75 mm to get maximum information and accuracy.
Although 3D reconstructed CT images give an overall view of the anatomy of the region, the information obtained from a 3D printed model is far superior and closer to real time. This is akin to the difference seen in the 2D image obtained by an endoscope versus a 3D image of a microscope.
A 3D printed model can aid in the production of surgical implants, improve surgical planning, act as an orientation aid during surgery, enhance diagnostic quality, and assist in preoperative simulation, counseling and achieving a patient's consent prior to surgery, and preparing a template for guiding the surgeons. 13 It also is useful in providing an educational tool for medical students and residents. 14 All of our treated cases of craniovertebral junction region anomalies involved complex anomalies that posed significant surgical challenges. All patients had short necks and varying degrees of torticollis. Opening of the joint and facetal manipulation and fixation can be a demanding surgical issue in such cases. Even marginal additional information can provide an increased level of comfort dur- ing surgery. The 3D models provided factual information about the nature of head tilt, bone anatomy, and the course of the vertebral artery. The entire course of the vertebral artery was visualized. Thus it was possible to identify any abnormalities in its course (especially in patients with assimilation of the atlas), its indentation into the superior articular facet of C-2, and its point of entry into the cranium with respect to the posterior arch of the atlas. Thus the points of screw insertion and trajectory in the C-2 pedicle and facet could be easily predetermined, helping to avoid inadvertent injury. The model could be handled, carried, and rotated in the desired position to evaluate the anatomy of the region. The anatomy could be rehearsed and surgical planning could be done repeatedly. The model can also be of assistance even during the surgery. It can help guide the trajectory of screw insertion and help in deciding on the sizes of the screws to be used. This is especially useful in patients with a thin C-2 pedicle where there is a danger of cortical breech. Currently we are using fused models for preoperative planning. We envisage that in the future we will be able to simulate the unstable craniovertebral joints and judge the amount of distraction needed for reduction of complex basilar invagination.
conclusions
On the basis of our experience in the field spanning over 3 decades, it appears to us that the technique of 3D printing can emerge to form a primary investigational modality, at least for complex craniovertebral junction anomalies.
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